Multiple pathways prevent DNA replication from occurring more than once per cell cycle 1 . These pathways block re-replication by strictly controlling the activity of pre-replication complexes, which assemble at specific sites in the genome called origins. Here we show that mutations in the homologous histone 3 lysine 27 (H3K27) monomethyltransferases, ARABIDOPSIS TRITHORAX-RELATED PROTEIN5 (ATXR5) and ATXR6, lead to re-replication of specific genomic locations. Most of these locations correspond to transposons and other repetitive and silent elements of the Arabidopsis genome. These sites also correspond to high levels of H3K27 monomethylation, and mutation of the catalytic SET domain is sufficient to cause the re-replication defect. Mutation of ATXR5 and ATXR6 also causes upregulation of transposon expression and has pleiotropic effects on plant development. These results uncover a novel pathway that prevents over-replication of heterochromatin in Arabidopsis.
Multiple pathways prevent DNA replication from occurring more than once per cell cycle 1 . These pathways block re-replication by strictly controlling the activity of pre-replication complexes, which assemble at specific sites in the genome called origins. Here we show that mutations in the homologous histone 3 lysine 27 (H3K27) monomethyltransferases, ARABIDOPSIS TRITHORAX-RELATED PROTEIN5 (ATXR5) and ATXR6, lead to re-replication of specific genomic locations. Most of these locations correspond to transposons and other repetitive and silent elements of the Arabidopsis genome. These sites also correspond to high levels of H3K27 monomethylation, and mutation of the catalytic SET domain is sufficient to cause the re-replication defect. Mutation of ATXR5 and ATXR6 also causes upregulation of transposon expression and has pleiotropic effects on plant development. These results uncover a novel pathway that prevents over-replication of heterochromatin in Arabidopsis.
We previously characterized two redundant histone methyltransferase genes, ATXR5 and ATXR6, and demonstrated that the ATXR5 and ATXR6 proteins show H3K27 monomethylation (H3K27me1) activity in vitro, and that an atxr5 atxr6 double mutant shows a reduction of H3K27me1 in vivo 2 . The atxr5 atxr6 double mutant shows pleiotropic defects in plant development, including smaller misshapen leaves 2 . Overexpression of ATXR5 or ATXR6 also causes morphological defects and male sterility 3 . Furthermore, the double mutant displays reactivation of the expression of a variety of both DNA transposons and retrotransposons 2 . Notably, atxr5 atxr6 did not disturb DNA methylation or histone H3K9 dimethylation (H3K9me2, a key repressive histone modification correlated with DNA methylation [4] [5] [6] ), indicating that ATXR5 and ATXR6 act by means of a novel pathway to maintain gene silencing. Previous work also suggested that ATXR5 and ATXR6 show links with DNA replication. ATXR5 and ATXR6 expression is regulated by the cell cycle, with expression peaking just before DNA replication 3 , and ATXR6 expression is strongly co-regulated with CDT1, ORC2 and other DNA replication proteins 7 . In addition, ATXR5 and ATXR6 contain PCNAinteracting-protein (PIP) motifs and have been shown to interact with the two PROLIFERATING CELL NUCLEAR ANTIGEN (PCNA) proteins in Arabidopsis (AtPCNA1 and AtPCNA2) 3 . PCNA interacts with DNA polymerase and serves as a general loading platform for many proteins involved in diverse processes occurring at chromatin 8 .
Here we show that ATXR5 and ATXR6 are critical factors that act in a novel pathway to suppress DNA re-replication, especially in heterochromatic regions of the Arabidopsis genome.
To determine whether ATXR5 and/or ATXR6 have a role in DNA replication, we analysed the DNA content of leaf nuclei by flow cytometry. Leaves are well suited for assessing DNA replication defects as they undergo both mitosis and endoreduplication (genome duplication without mitosis), which is responsible for the widespread polyploidy observed in mature leaf tissue 9 . Nuclei were extracted from mature rosette leaves of wild-type Columbia (Col), atxr5, atxr6 and atxr5 atxr6 plants, stained with propidium iodide, and analysed for DNA content. Col, atxr5 and atxr6 all showed well-resolved populations of 2C, 4C, 8C, 16C and 32C nuclei (Fig. 1a) . Thus, atxr5 and atxr6 single mutations do not have an impact on DNA replication in leaves. In contrast, the 8C and 16C peaks for atxr5 atxr6 were much broader and skewed to the right, indicating that many 8C and 16C nuclei have higher DNA contents than the corresponding wildtype nuclei (Fig. 1a) . The distribution of nuclei between endoreduplication levels was similar between wild type and atxr5 atxr6 double mutants (Fig. 1b) , suggesting that the primary defect in atxr5 atxr6 plants is in the fidelity of S-phase progression rather than the number of rounds of endoreduplication. This is in contrast to mutations previously reported to affect the level of endoreduplication, but not S-phase fidelity 10 . Our previous work has shown that ,65% of atxr5 atxr6 nuclei show significant decondensation of constitutive heterochromatin (that is, chromocentres) (Fig. 1c) 2 . Consistent with the flow cytometry results showing that the DNA content phenotype of atxr5 atxr6 mutants is observed most strongly in 8C and 16C nuclei, we found, by microscopic analysis of sorted nuclei, that the heterochromatic decondensation defect was also more extreme in these higher ploidy nuclei (Fig. 1c, d) . As a control, we also analysed the DNA content of decrease in dna methylation1 (ddm1) plants, which also show very strong chromocentre decondensation defects, as well as reduced DNA methylation and massively reactivated transposons [11] [12] [13] . The flow cytometry profile from extracted nuclei from ddm1-2 leaves was similar to that of wild-type plants (Fig. 1a) . These results show that the aberrant flow cytometry profiles observed in atxr5 atxr6 mutants are not simply a result of chromatin decondensation defects and/or transposon derepression.
To test the hypothesis that there is indeed extra DNA in atxr5 atxr6 mutants, we used an Illumina Genome Analyser II to sequence genomic DNA from sorted nuclei (2C, 4C, 8C and 16C) of both wild-type and atxr5 atxr6 plants. A total of 84.9 million uniquely mapping 36-nucleotide reads were mapped to the Arabidopsis thaliana genome, allowing up to two mismatches. We examined the distribution of genomic DNA across all chromosomes by plotting the density of reads in non-overlapping 100-kilobase (kb) bins. For wild type, the ratio of 4C, 8C and 16C to 2C sequence reads was uniform across the genome, showing that the genome is uniformly endoreduplicated in wild-type Arabidopsis (Fig. 1e) . However, in atxr5 atxr6 mutants, we observed an enrichment of reads in the pericentromeric heterochromatin in 4C, 8C and 16C compared to 2C, indicating that heterochromatin is overreplicated in 4C, 8C and 16C nuclei compared to 2C nuclei (Fig. 1f) , and that the over-replication is more severe in nuclei with higher ploidy levels.
A comparison of the distribution of reads from atxr5 atxr6 mutants with wild type showed that even in the 2C nuclei, atxr5 atxr6 mutants show over-replication of pericentromeric heterochromatin, although to a lower extent than in nuclei of higher ploidy levels ( Supplementary Fig. 1a ). Relative to wild type, atxr5 atxr6 mutants showed a 2.9%, 11.0%, 29.1% and 28.4% increase in reads mapping to pericentromeric heterochromatin in 2C, 4C, 8C and 16C nuclei, respectively ( Supplementary Fig. 1b) . Sites of over-replication were well correlated at the different ploidy levels. For instance, the Pearson correlation between 8C and 16C atxr5 atxr6 nuclei was 0.84, indicating that the same sites are over-replicating ( Supplementary Fig.  1c ). These results show that atxr5 atxr6 mutants show over-replication of pericentromeric heterochromatin in both mitotic and endocycling cells, with progressively stronger defects observed in nuclei with higher ploidy levels.
To examine over-replication in atxr5 atxr6 mutants at higher resolution, sequence reads were grouped and analysed in 200-base-pair nonoverlapping bins. We found that over-replication of pericentromeric heterochromatin is the result of the over-replication of many densely spaced, but distinct, loci (Fig. 2a) . We also observed localized overreplication in small regions of the euchromatic arms of chromosomes (Fig. 2b) . These small regions of over-replication were highly enriched in transposons and other repeat elements. Using the BLOC algorithm (see Methods) 14 , we identified 407 sites of over-replication in the arms of atxr5 atxr6 chromosomes (Supplementary Table 1 ). The over-replicating regions were relatively small: 94% of regions were smaller than 25 kb, with a median size of 10.4 kb ( Supplementary Fig. 2a ). Most (80%) overlapped with previously defined H3K9me2 regions, a mark that is strongly correlated with DNA methylation and gene silencing 6 ( Supplementary Fig. 2b ). Thus, the regions that over-replicate in atxr5 atxr6 mutants primarily consist of transposons and silent elements of the Arabidopsis genome. Over-replication was confirmed by performing quantitative polymerase chain reaction (qPCR) on defined sites ( Supplementary Fig. 3 ). Elements that are transcriptionally reactivated in atxr5 atxr6 mutants (TSI, Ta3, CACTA) 2 were found to be overreplicated, indicating a positive correlation between transposon reactivation and over-replication.
Re-replication is a well-known mechanism by which DNA is known to over-replicate and results when DNA replication is initiated from an origin multiple times during a single S phase 1 . Presumably because recently replicated chromatin is less compact, secondary replication forks move faster than primary forks, and collisions of the multiple forks result in successively smaller fragments of DNA reiteratively produced from the origin 15 ( Fig. 2c) . This model predicts that sequences in the centre of the origin will be the most highly overreplicated and that over-replication should drop off symmetrically on either side of the origin. To determine if over-replication in the atxr5 atxr6 mutant is consistent with re-replication, plots of sequencing reads averaged over the over-replicated regions were generated (Fig. 2d) . In contrast to wild type, in which sequencing reads were uniformly distributed, atxr5 atxr6 mutants showed a bilaterally symmetrical distribution of reads, with the highest density of reads in the centre of the over-replicated regions (Fig. 2d) . These results indicate that the extra DNA in atxr5 atxr6 mutants is a result of repeated replication from defined sites. We next examined whether chromatin or naked DNA is being rereplicated in atxr5 atxr6 mutants. To test this, we performed chromatin-immunoprecipitation of unmodified histone H3 followed by Illumina sequencing (ChIP-seq) on wild type and atxr5 atxr6 mutants. Compared with wild type, H3 ChIP-seq reads in atxr5 atxr6 mutants were enriched in the pericentromeric heterochromatin to a similar extent as was the input genomic DNA (Fig. 2e and Supplementary Fig. 2c ). This result indicates that chromatin (DNA and associated histones) is re-replicated in atxr5 atxr6 mutants. Our data also indicate that the re-replicated DNA is properly methylated. If the re-replicated DNA was unmethylated, the per cent methylation in atxr5 atxr6 mutants would be predicted to be lower than in wild type. However, we have previously shown that the per cent DNA methylation in atxr5 atxr6 mutant leaves (where re-replication was observed) is the same as in wild type 2 , which suggests that the rereplicated DNA is properly methylated. Furthermore, to determine whether re-replicated DNA was stably associated with the chromosomes, we performed qPCR on size-fractionated DNA (Supplementary Fig. 4) . We found that the extra DNA could be detected in the high-molecular mass DNA fraction, indicating that at least part of the re-replicated DNA is stably associated with the chromosome. Being associated with chromosomes, rather than being extrachromosomal fragments, may help to explain the stability of re-replicating DNA fragments present in 3-4-week-old leaf cells.
Because ATXR5 and ATXR6 catalyse H3K27me1 (ref.
2), we wanted to examine whether the spatial distribution of H3K27me1 overlaps with re-replicating regions. Immunolocalization indicates that H3K27me1 is a heterochromatic mark enriched in chromocentres 2, [16] [17] [18] . A detailed global map of H3K27me1, however, has not been reported. We therefore profiled H3K27me1 genome-wide using ChIP-seq. Consistent with the re-replication of pericentromeric heterochromatin in atxr5 atxr6 (Fig. 1f) , we found that H3K27me1 was strongly enriched in pericentromeric heterochromatin (Fig. 3a) . We also observed H3K27me1 in the coding regions of protein-coding genes and found that the amount of H3K27me1 was anticorrelated with gene expression levels ( Fig. 3b and Supplementary Fig. 5a ). Together, these results support a role for H3K27me1 in gene silencing.
To gain additional evidence for a correlation between H3K27me1 and re-replication in atxr5 atxr6 mutants, we examined the dispersed re-replicating regions in the arms of the chromosomes. We found that H3K27me1 ChIP-seq reads were significantly enriched in these regions compared to randomly selected control regions (permutation test, P , 10 26 ) (Fig. 3c) . In addition, plots of the ratio of H3K27me1 to H3 ChIP-seq reads averaged over these re-replicating regions showed strong enrichment of H3K27me1, confirming a positive correlation of H3K27me1 with sites that re-replicate in atxr5 atxr6 mutants (Fig. 3d and Supplementary Fig. 5b ).
Given that H3K27me1 levels correlate with the re-replicated regions of atxr5 atxr6 mutants, an interesting question concerns the mechanism by which the spatial distribution of H3K27me1 is established. ATXR5 and ATXR6 both contain PHD domains, which have been shown in multiple species to mediate interactions with methylated or unmethylated forms of histone H3 19 . We performed in vitro binding assays with various H3 peptides using GST-tagged PHD domains of ATXR5 and ATXR6. The PHD domains of ATXR5 and ATXR6 bound strongly to an unmethylated peptide corresponding to amino acids 1-21 of H3 (Fig. 3e) . This binding was unaffected by mono-, di-, or trimethylation at H3K9; however, binding was Plots of the average number of sequence reads 65 kb relative to the centre of over-replicating regions in atxr5 atxr6 mutants, wild type, or the atxr5 atxr6 mutants/wild type log 2 ratio (plotted in 100-bp bins). e, Histone content in re-replicating regions is higher in atxr5 atxr6 mutants. Log 2 ratios of H3 ChIP-seq reads and input genomic DNA reads in atxr5 atxr6 mutants relative to wild type, plotted over chromosome 3 in 100-kb sliding windows.
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LETTERS strongly reduced by increasing levels of H3K4 methylation. Thus, the PHD domains of ATXR5 and ATXR6 bound most strongly to H3 unmethylated at K4 (H3K4me0). Consistent with the hypothesis that binding of the ATXR5 and ATXR6 PHD domains to H3K4me0 chromatin is helping to guide H3K27 monomethylation activity, we observed a strong anticorrelation between H3K4 methylation 20 and H3K27me1 within genes and in the genome at large (Fig. 3f and Supplementary Fig. 5c ).
Because loss of ATXR5 and ATXR6 leads to lower levels of H3K27me1 (ref. 2) , it is possible that depletion of this mark is causing re-replication in atxr5 atxr6 mutants. One prediction from this model is that the PHD and SET domains of ATXR5 and ATXR6 would be essential to prevent re-replication, as they are responsible for binding and methylating H3, respectively (Fig. 4a) . To investigate this, we first created a genomic construct that expresses ATXR6 under its own promoter and confirmed that it can rescue (.95% of T1 transformed plants analysed) the re-replication phenotype of atxr5 atxr6 mutant plants (Fig. 4b) . We then made PIP-, PHD-and SET-mutant ATXR6 constructs by inserting point mutations designed to disrupt the activity of each functional element (Fig. 4a) . Yeast-two-hybrid analysis and in vitro histone-peptide-binding and methyltransferase assays were used to confirm disruption of the PIPmotif, PHD-domain and SET-domain activities, respectively ( Supplementary Fig. 6 ). Analysis of T1 plants transformed with each of the mutated ATXR6 constructs showed that the re-replication phenotype was never rescued by constructs containing the mutated PIP motif, PHD domain or SET domain (Fig. 4b) (n . 20) . These results show that the PIP motif, PHD domain and SET domain are all required for ATXR6 activity and indicate that depletion of H3K27me1 in the atxr5 atxr6 double mutant is probably responsible for the re-replication phenotype. Consistent with this interpretation, we found that the restoration of H3K27me1 levels also required the wild-type PIP motif, PHD domain and SET domain ( Supplementary  Fig. 7) . Furthermore, only the wild-type construct rescued chromatin decondensation and loss of gene silencing defect seen in atxr5 atxr6 mutants (Fig. 4c, d ). These results indicate that the three functional elements of ATXR6 contribute to the prevention of re-replication, chromatin decondensation and loss of gene silencing.
Our results indicate that ATXR5 and ATXR6 are components of a novel pathway required to suppress re-replication in Arabidopsis. Notably, most of the re-replicating sites in atxr5 atxr6 mutants correspond to silent heterochromatin, which is composed mostly of transposon sequences. It is tempting to speculate that the ATXR5/ATXR6 system may have evolved to suppress excess DNA replication of transposon sequences that would otherwise result in transposon reactivation. Conversely, transposons are remarkable in requiring both the typical repressive modifications such as H3K9me2 and DNA methylation, as well as the novel ATXR5/ATXR6 H3K27me1 pathway for transcriptional suppression. ChIP-seq reads normalized to H3 ChIP-seq reads averaged over TAIR8 protein-coding genes. The bodies of genes are scaled. Three-week-old wild-type plants were used for both ChIP-seq and RNA-seq. c, H3K27me1 is significantly enriched at sites of re-replication in the arms. Reads per base pair in re-replicating regions were calculated for both H3K27me1 and H3 ChIP-seq reads, and the ratio was calculated (black bar). Random regions with a similar distribution as re-replicating regions were generated 100,000 times and the same calculation was performed. The mean value obtained from random regions are shown (white bar) and the error bars represent the standard deviation. d, H3K27me1 is enriched in over re-replicating regions. The log 2 ratio of H3K27me1 to H3 reads is plotted 620 kb relative to the centre of rereplicating regions of atxr5 atxr6 mutants. Data were plotted in 400-bp bins and smoothed by taking the moving average over six bins. e, Pull-down assay using purified GST-tagged PHD domains of ATXR5 and ATXR6 and biotinylated H3 peptides with different methylated lysines. Interaction between the peptides and the GST-PHD domains was visualized by western blot using a GST antibody. f, Analysis of the relationship between H3K27me1 and H3K4 methylation. The log 2 ratio of H3K27me1 to H3 is plotted over the boundaries of all H3K4me0/-me1/-me2/-me3 regions in the genome. Data are shown in 200-bp bins, and smoothed by taking the moving average over 62 bins. The scale for the plots over H3K4me0 is in blue, and the scale for the others is in black.
